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THREE-DIMENSIONAL MEASUREMENTS 


OF FATIGUE CRACK CLOSURE 

S.K. Ray* and A.F. Grandt, Jr.** 

School of Aeronautics and Astronautics 
Purdue University 
West Lafayette, IN 47907 

SUMMARY 

Fatigue cracks were grown in polycarbonate specimens under constant 
cyclic stress intensity factors and were subjected to tensile overloads 
to determine the fatigue crack retardation behavior. The cracks were 
examined under a monochromatic light source to create optical interference 
fringe patterns, which were used to measure crack surface separation in 
the test specimens. These crack opening profiles were obtained as a 
function of applied load and were compared before and after the tensile 
overload. These results are discussed in terms of the fatigue crack closure 
mechanism, and provide a more thorough understanding of the three dimen- 
sional nature of crack closure. 

A tensile overload was shown to significantly delay subsequent 
fatigue crack growth in polycarbonate specimens. The increased difference 
between crack growth rates at the surface and interior of the specimen 
resulted in more tunneling following the overload. The crack opening 
load at the specimen surface is significantly higher than that in the 
interior, which explains the difference in crack growth rates between 
the surface and the interior of the specimen. 


* Research assistant 

** Professor of Aeronautics and Astronautics 
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NOTATION 


Average crack length 

Crack surface separation at a specific fringe location 

Elastic modulus 

Stress Intensity factor 

Cyclic range in stress intensity factor 

Fringe order 

Number of applied load cycles 

K of overload cycle/AK. 
max ^ b 

Distance from crack tip 

Stress ratio = minimum/maximum stress per cycle 
Poisson's ratio 

Wave length of light (sodium vapor) 

Applied AK for steady state crack growth 
K needed to separate the crack faces at the tip. 

K value which gives elastic crack opening-force relation 
Increase In cyclic life caused by the overload 


CHAPTER 1 


BACKGROUND 

i*i introduction 

One important measure of fatigue damage is the current fatigue 
crack size and its associated propagation rate. It has been observed 
that crack tip plasticity due to tensile overloads may significantly 
delay (retard) fatigue crack propagation in many materials Fig" 

ure 1 represents a typical crack length versus cycles curve showing the 
overload effect on the growth rate of a fatigue crack. Since many 
structures are subjected to complex load histories which may Include 
these overloads, understanding the retardation effect is of great imyjor- 
tance. Explanation for fatigue crack retardation has included crack tip 
blunting and the fatigue crack closure approaches. 

The blunting mechanism describes retardation in terms of crack 
reinitiation [5]. When an overload is applied, the crack tip is blunted 
by the local plastic deformation, and additional cycles must be applied 
to reinitiate small flaws at the blunted site. Note In Figure 2 how 
small surface cracks form along the notch in a polycarbonate fatigue 
specimen (2b), and eventually coalesce (2c) into a single crack front. 
Following the application of a tensile overload in the transparent test 
specimen, small cracks again form along the blunted crack tip (Figure 
2e) during the retardation period. Thus, in this case, the overload 
blunted the sharp crack tip and the retardation period Involved reini- 
tiation of fatigue cracks along the blunted crack front. 
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The crack closure phenomenon |1,6) explains retardation in terras of 
compressive residual stresses behind the crack tip* These stresses are 
due to the plastically deformed region ahead of the crack tip» and the 
size of this deformed region is proportional to the stress level end the 
crack length. As a crack grows through this plastic zone, a plastic 
wake is formed which contains the compressive residual stresses. These 
stresses hold the crack faces closed during portions of positive load 
cycles and reduce the effective load for the remainder of the cycle. 
Figure 3 schematically shows the crack tip plastic zone and the result- 
ire. plastic wake. Figure A shows how the effective stress range Is 
reduced in a typical load cycle by crack closure* The crack growth rate 
is decreased as a result of the closure effect and in some cases crack 
arrest is caused by complete closure (7). It has been proposed that the 
overloads increase the magnitude of the residual compressive stresses, 
resulting In a reduction of the effective stress level, and lowering of 
the crack growth rate (retardation). A recent review paper (8J points 
out the Importance of fatigue crack closure in characterizing variable 
amplitude loading, threshold fatigue crack growth, and extension of 
short cracks. 

It is well known that the crack tip plastic zone is larger at free 
surfaces, where plane stress occurs, than at the center of a thick 
specimen where plane strain conditions prevail [9J. 


Flp.ure 5 shows how the plastic *one size varies through the thickness of 
a thick specimen. This through-the-thlckness plastic sone size varia- 
tion has been used to explain, among other things, thickness dependent 
fracture toughness and thickness related fatigue crack behavior. The 
larger plastic zone at the specimen surface would imply that the closure 
effect Is more profound at the surface than at the interior, resulting 
In a slower crack growth rate at the free surface* This through- 
thickness variation in crack growth rates is commonly called the tunnel- 
ing effect. The effect of the state of stress on plastic zone size, and 
the resulting fatigue crack growth rate has been demonstrated with vari- 
able amplitude loading experiments, where thin specimens have longer 
crack growth lives than thick specimens 110-16J, 

In addition to crack closure associated with the plastic wake 
behind the crack tip, two other closure mechanisms have been proposed! 
asperity induced closure and oxide induced closure. The asperity 
induced closure model (17-19) states that crack surface roughness keeps 
the crack faces propped open under zero load. The maximum plastic zone 
size in this model is smaller than the grain size, while the size of the 
fracture surface roughness is on tVie same order as the crack tip dis- 
placement. To satisfy the requirement for a small plastic zone size, 
asperity induced closure is generally observed at low crack growth rates 
(on the order of 10 ^ mm/cycle). When the fracture surface size Is the 
dominant factor, tbe crack tends to prow In a zig-zag, out of plane 
path, leading to significant Mode II displacements and to asperity 
induced closure. Models used to predict asperity induced closure 
Include tlie single asperity model (20], spring clip model (21), and the 

fracture surface roughness model (22). 


In the oxide induced closure mechanisra (23,24]^ the formation of an 
oxide layer just behind the crack tip prevents the crack surfaces from 
closlnR. As before, the thickness of the oxide layer Is comparable to 
the crack tip displacements. During the closlnj; phase of the load 
cycle, early contact occurs between the two crack faces due to the pres- 
ence of the oxide layer, resulting once more In the closure phenomenon. 
Oxide induced closure, like the asperity laodel, has also been observed 
at low crack growth rates. Since both asperity and oxide induced clo- 
sure mechanisms keep the crack faces open under zero load, they are 
sometimes referred to as "Non-closure" models. A more detailed discus- 
sion of the various closure mechanisms, as well as other factors contri- 
buting to closure, is presented in a recent literature review (23], 


1.2 PRIOR WORK 


This section reviews techniques that have been developed to charac- 
terise fatlp.iie crack closure. Both numerical and experimental methods 
are briefly discussed. 

Some analytical crack closure models (26-27] have been shown to be 
effective In predicting the crack growth rates in thin metal specimens. 
The model used In Reference 26, for example, employed the Dugdale con- 
cept but allowed plastically deformed material to be left In the wake of 
the extending crack tip. This model was used to study a central crack 
In a finite-width specimen subjected to uniform load. The crack surface 
displacements were obtained by the superposition of two elastic solu- 
tions: a crack in a finite plate subjected to a remote stress and a 
uniform stress applied over a portion of the crack surfaces. This crack 
closure model was used to correlate the fatigue crack growth rates under 
constant-amplitude loading and to predict the crack behavior under 
variable-amplitude loading. Experiments performed with 2219-T851 alumi- 
num alloy specimens agreed well with the analytical predictions. 

The closure model described in Reference 27 is based on a cycle- 
by-cycle analysis of the fatigue crack growth and assumes tliat crack 
extension only occurs during the increasing portion of the applied load 
cycle. The effective stress intensity factor range that the central 
crack in a plave experiences is based on the plasticity behind the crack 
tip. This model was used to analyze crack growth rate behavior under 
variable amplitude loading, and the results were comparable to the 


experimental behaviors 



Another numerical study analyzed crack closure In a center-cracked 
panel under cyclic loading uslnp, a two-dimensional, non-llnear, finite 
element model with changing boundary conditions [28]. In this study the 
material was assumed to be clastic-perfectly plastic, and the model was 
composed of two-dimensional constant-strain triangular elements. It was 
observed that the element-mesh size near the crack tip Influenced the 
prediction of the magnitude of crack closure and opening loads. By 
choosing an appropriate finlte-element-mesh, the actual experimental 
crack growth rate could be simulated. Using this finite element 
analysis, the simulated crack growth rate was consistent with some of 
the experimental results. Although the finite-element method may work 
well for closure predictions, the analysis Is often complicated and may 
require long computation times. 

Most experimental measurements of fatigue crack opening have been 
performed on metal specimens, employing techniques such as crack mouth 
opening displacement (CMOD) measurements, strain gages, push rods, etc. 
Some detailed aspects of these methods are discussed below. 

The CMOD gage [29-31] measures the displacement from a clip gage 
mounted across the mouth of the precracking notch. A plot of displace- 
ment versus load Is obtained, and the transition point (where the curve 
changes from non-linear to linear) represents the closure load. The 
closure load measured by this technique represents an average value for 
the crack opening through the specimen thickness. Extreme care must be 
taken with this technique since misalignment and friction in the loading 
fixtures and the clip gage may alter the results considerably. 


The strain gage moasiiremcnts (29,32-33) Involve bonding one or more 
strain gages at various locations across the crack surfaces. In some 
cases strain gages are also mounted on the hack face of the specimen. 

The signal from the strain gages are then recorded as a function of the 
applied load, and the closure load Is again determined at the point 
where the load versus strain record becomes linear. 

Ultrasonic methods [34-36] measure the changing acoustic resistance 
of a specimen as the crack opens or closes. The intensity of the ultra- 
sonic signal reflected from the fatigue crack varies depending on the 
amount of closure present. In this technique, an ultrasonic transmitter 
Is placed on the top of the cracked test specimen, and a receiver Is 
placed opposite the transmitter on the bottom of the specimen. As 
before, the received signal intensity is plotted against the load or the 
stress Intensity, and the closure load is determined. The closure load 
obtained In this fashion Is not, however, always consistent with the 
CMOD or the strain gage measurements (25). 
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The potential difference approach 125,29,31,37,38] measures the 
electric resistance of a specimen, which is also proportional to the 
opening of the crack. In this Instance the metal specimen acts as a 
part of an electrical circuit. A constant current supply is provided 
across the specimen, and the signal obtained from potential probes 
placed on both sides of the crack is recorded as a function of the 
applied load. It has been observed in some applications that the 
received signal may be misled by the presence of a layer of insulating 
oxide on the crack faces which prevents electrical contact. Other dif- 
ficulties with tills technique are associated with the change of the 
electrical properties of the material in the crack tip yield zone. 

The interferometric displacement gage (39-40) uses a laser to meas- 
ure the relative displacement between two shallow reflecting Indenta- 
tions (39], or grooves [40], located across the crack (the separation 
distance varying from 0.5 to 1.0 mm). Interference fringe patterns are 
created by the diffracted laser beams, and the motion of these fringes 
represent the crack surface displacements. This technique has proven to 
be an effective method for measuring crack surface displacements and Is 
essentially a non-contact method. 

The push-rod displacement gage technique (7,41] has been used to 
determine the closure at a single point Inside the specimen. For this 
method a push-rod assembly is fastened to the specimen by drilling two 
parallel holes just behind the fatigue crack front. The relative dis- 
placement of the hole bottoms is measured with a twin cantilever clip 
gage via the push-rods. The closure load is then determined by locating 
the linear point on the load/displacement curve. 


Other methods used to obtain the closure loads Incltide special dis- 
placement p.apes 1^2), direct observation usinp electron microscopy [43), 
and a vacuum infiltration technique l^^l. It should be noted that all 
of these techniques only determine the closure loads at the specimen 
surface or at a single point inside the specimen (7] and can not deter- 
mine the complete through-the-thickness variation of closure. Also note 
that since an acoustically or electrically open crack is not the same ns 
a mechanically open flaw, these methods can give different measures of 
crack closure [ASJ. 

Optical Interferometry has been employed to measure stress inten- 
sity factors from crack surface displacements in glass specimens [A6-47] 
and to measure crack closure in polymethylmethacrylate (PMMA) [48). 
Although PIO-IA is fairly brittle, crack retardation was not observed in 
this earlier work, but it was possible to determine that fatigue crack 
closure was more significant at the surface than in the specimen inte- 
rior. 
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1.3 OBJECTIVE OF CURRENT RESEARCH 


The objective of the current research Is to determine through-the- 
thickness variations in fatigue crack closure. Complete three- 
dimensional crack opening profiles are measured by the use of optical 
Interferometry. In this technique, a monochromatic light source is 
directed onto the crack plane in an optically transparent specimen. The 
reflection of the light rays from the crack surfaces form a fringe pat- 
tern which can he related to the crack surface displacements. Crack 
closure can then readily be observed from the behavior of the surface 
displacements. 

Crack opening results are described for optical interferometry 
measurements with cracked polycarbonate (a transparent, ductile polymer) 
specimens. Since the specimens are transparent, optical Interferometry 
provides three-dimensional measurements of crack surface displacements. 
These displacements were then related to fatigue crack retardation and 
closure. Fundamental questions addressed in tills report include the 
following: 

What is the complete through-the-thlckness crack opening profile 

/ 

assumed by a fatigue crack in a thick member? 

Does the crack opening profile measured on the specimen surface 
(plane stress) differ from that which occurs in the plane strain inte- 


rior? 



Does the crack opening load differ in the specimen interior from 
that measured at the free surface? 

What Is the effect of tensile overloads on crack opening profiles, 
and what is the subsequent effect on fatigue crack growth? 
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CHAPTRR 2 

EXPERIMENTAL PROCEDURE 


i*i I^’TERFEROMETRIC TECHNIQUE 

Optical Interference occurs in a thin transparent wedge when the 
reflection of light rays fron the top and the botton of the faces of the 
wedge have different path lengths (49-50), V?hen a crack is present In a 
transparent material, an air film wedge Is forced between the two crack 
surfaces and may cause optical interferometry to take place. As 
schematically presented in Figure 6, some light waves travel through the 
transparent specimen and are reflected back by the top surface of the 
crack, whereas other waves, following a different path, penetrate the 
top surface and are reflected by the bottom surface of the crack. This 
difference in path lengths causes interference fringes to form. Each 
fringe represents a locus of points which have the same displacement 
between the crack surfaces (50 J. If the wavelength of the light source 
is known, the crack surface displacements may be computed using the fol- 
lowing optics equation (50), 


For destructive interference: 


D 


2n+l 

4 


( 1 ) 
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Here D Is hnlf the crack surface separation at a specific frlnp.e loca- 
tion, n Is the frlnp,e order (n ■ 0, 1, .*•), and X Is the wave lencth of 
the monochromatic light source. The 0-order fringe Is defined here as 
the first destructive fringe and corresponds to a total crack separation 
2D - A/2. 

Note that Equation I demonstrates that destructive fringes occur 
when the path difference between the top and the bottom faces of the 
crack equals an odd number of half wavelengthes |A9]. 

In addition to crack closure measurements [48], other applications 
of the Interferometric technique described in the literature include 
stress Intensity factor measurements {46-47,51), study of crack propaga- 
tion at material interfaces {52), and measurements of the J-lntegral for 
arbitrary geometry and loading (53). 


2.2 SPECIMEN PREPARATION 


Polycarbonate was chosen as the model material because of its opti- 
cal transparency and relatively large ductility (hence the ability to 
develop residual stresses that causes crack retardation). The test 
specimens were 4.6cm. x 2.0 cm. x 17. B cm. (1.5 in. x 0.8 in. x 7.0 in.) 
and contained 0.25 cm. (0.1 in.) deep V-notches as shovm in Figure 7. 

All specimen were cut from a single sheet of polycarbonate, and the 
notches were oriented in the same direction to maintain a constant crack 
growth direction for all tests. To remove potential initial residual 
stresses, tlie specimens were annealed at 138°±3°C (280°±3°F) for 24 
hours and then slowly cooled to room temperature. A razor blade was 
used to sharpen the V-notch across the specimen thickness to ensure that 
small naturally occurring fatigue cracks developed in the same plane, 
and coalesced to form a single through-the-t lickness crack. For obser- 
vation purposes, one end of the specimen was polished with increasingly 
finer grade polishing wheels and finally buffed to transparency. Speci- 
men transparency was further Improved by placing a cover slip coated 
with a thin film of oil over the viewing surface (Figure 7). 


2,3 FATICUK CRACK GROWTH MEASUREMENTS 


Cyclic loads (haverslne function) were applied In a four-point bend 
configuration at 4 Hz, The specimen experienced a minimum bending moment 
of 2,33 N-m (20,63 Ib-ln) during the load cycle to minimize the specimen 
movement on the four-point bend fixtures. Loads were applied with a 20“ 
000 lb capacity closed loop elcctrohydraulic KTS machine. The crack 
plane was photographed through the transparent specimen with a 33 mm, 
camera as a function of elapsed cycles. The crack photographs were 
measured by projecting the negatives onto a digitizing board. Since the 
crack fronts are often curved, five measurements at different locations 
across the specimen thickness were averaged for the through-thickness 
crack length. 

Load shedding techniques were used to grow the cracks under con- 
stant AK conditions for the fatigue crack retardation experiments. The 
resulting linear crack length versus cyclic response simplified the task 
of determining the retardation cycles catised by overloads (Figure 2), 

For load shedding purposes, the crack length was measured by viewing a 
0,25 cm, (0.1 Inch) gradient scale mounted on a transparent piece of 
specimen material attached to the side of the test specimen. By this 
arrangement. It was possible to maintain AK constant to within ±7% dur- 
ing the experiments. It was necessary to grow the cracks at small 
cyclic loads to avoid rough crack surfaces which prevented Interference 
fringe formation by scattering the reflected light rays. 
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OBSERVATION' 

Interference fringe patterns were obtained by shining a sodium 

vapor light source through the polished end of the specimen# The 

-7 -7 

wavelength of the sodium light source Is 5.89x10 cm. (2.319x10 in.). 

The sodium light was projected at an right angle to the crack plane by 
one or more small mirrors. The resulting fringe patterns were then pho- 
tographed for different applied loads with a 35 mm. camera equipped with 
a 135 mm. lens and bellows adjusted to give the desired magnification of 
the crack plane. A high contrast technical film (Kodak technical pan 
film 2415) was used to enhance the fringe photographs. The fringe pat- 
terns were photographed under different loads for the steady state crack 
growth case, the overload cycle, and for periodic cycles following the 
overload. The fringe pattern photographs were measured by projecting 
the 35 mm. negatives on to a digitizing table. 

A three-point bend static load frame was constructed for the pur- 
pose of photographing the Interference fringes under small applied 
loads. The fringes could not be easily photographed while the specimen 
was mounted on the MTS machine due to tlie vibration of the hydraulic 
system and the low light level from the light source. These vibrations, 
in conjunction with the long exposure times required to photograph the 
low light level fringe patterns, prevented distinct Interference fringe 
photographs in the fatigue (MTS) machine. 

Tensile overloads were applied to the test specimen on the three- 
point bend static load frame. After photographing the resulting fringe 
patterns caused by the overloads, further crack growth was carried out 
at the original baseline stress intensity factors on the MTS machine. 
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2.5 STRAIN GAGE AND CMOD MEASUREMENTS 


One objective of these experiments was to correlate fringe pattern 
data with results from the strain gage and CMOD techniques. For this 
purpose, two EA-41-125-120 type strain gages (whose length*0.15 cm.) 
were mounted across the crack on one test specimen as shown In Figure 8. 
One of the strain gages was mounted at O.IO cm. (.04 in.) behind the 
crack tip at the surface, while the second gage was mounted just ahead 
of the crack tip. The signals from both strain gages were recorded as a 
function of applied load at the same time the fringe patterns were pho- 
tographed. Since the specimen was loaded in three-point bending for the 
fringe photographs. It was not possible to locate a strain gage on the 
top surface perpendicular to the crack plane. 

A clip gage was mounted at the mouth of the crack by means of two 
metal glued very close to the notch as shown In Figure 8. The 

crack mouth displacement was then monitored as a function of applied 
load. In one experiment, the reading from the strain gage and the clip 
gage were monitored while the fringe patterns were photographed for 
Increasing load. 
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Flf,ure 7: Four point bend test spcclnen confic«iration, showing 
specimen dinenslons and experimental setup. 
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CHAPTFLR 3 


RESULTS 


l‘i material properties 

Fatigue crack grov;th rate data for the polycarbonate test material 
are shown In Figure 9. This plot contains f'ata from six constant load 
and five constant AK tests. All specimens were edge cracked beams 
loaded In four-pclnt bending as before. The five constant AK specimens 
were conducted f,t low AK levels and are Indicated by the solid circles 
at the lower end of the curve. A least squares straight line fit 
through the da/dN versus AK gave the following crack growth rate rela- 
tion. 

“ CAK'" • (2) 

dN 

1/2 

l^en da/dN is expressed In inch/cycle, and the units of AK are psi-in 

In Equation 2, m equals 3.89 and C equals 1.82 x 10 If da/dN Is in 

1 /2 

terms of mm/cycle, and the units for AK are KPa-m , m equals 3.89 and 
C equals 2.85 x 10 

Tensile tests reported In Reference 5 for polycarbonate gave an 

elastic modulus of 2.234 x 10^ KPa (3.24 x 10^ psi), a 0.2% offset yield 

strength of 4.136 x 10* KPa (6.0 x 10 psl), a yield point of 6.342 x 

lO' KPa (9.2 X 10^ psl)» and a .fracture toughness of 3637 KPa-m^^^ (3310 
1 /2 

psi-in ). Equipment problems prevented measurement of stress-strain 
curves and fracture toughness at the time of this report although speci- 
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mens with the current material have been prepared and will he tested at 
a later date. 


fatigue crack closure measurements 

This section describes the individual fatigue crack retardati ■'n, 
closure experiments and presents the measured data. The significance of 
these results is discussed in Chapter 4. Six specimens were tested as 
described below and are summarized in Table 1. 

TEST 

Test B-12 was conducted at a baseline stress Intensity factor (AK^^) 
of 330 KPa-m^^^ (300 psi-ln*^^). After the steady state fringe patterns 
were photographed as a function of applied load, an overload factor of 4 
(Q = ^ applied to the specimen. Figure 10 shows the 

average crack length versus elapsed cycles for Test B-12. Note that the 
delay in the cyclic life caused by the overload (N^) for this specimen 
is approximately 43 000 cycles. 

The presence of the crack tip plastic zone enables the crack sur- 
faces to separate without causing measurable crack extension. This 
relative movement of the crack faces (crack-opening displacements) may 
be accurately determined by analyzing the interference fringe patterns. 
The displacement is expressed in fringe order units in this report, 
although other dimensions may be obtained by Equation 1. 

Figure 11 presents a typical set of fringe patterns for the steady 
state case while Figure 12 presents the patterns for the first cycle 
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following the overload. Note in Figure 11 (the steady state case) that 

as the applied load is Increased, the 0-order fringe reached the crack 

1 /2 

tip at the middle of the specimen at a K valtie of 46, A KPa-m (42,3 

1 12 

psl-ln ). As the load is further increased, the 0-order fringe 

reaches the crack tip at the specimen surface at a K value of 83.4 KPa- 

1/2 1/2 

m (76.2 psl-ln ). The load, at which the outer-most fringe reaches 

the crack tip, is referred as the for that particular location and is 

a measure of the load required for the crack surfaces to separate. In 

1/2 

Test B-12, the for the surface of the specimen is 83,4 KPa-m (76.2 

1/2 1/2 

psi-ln ), while the crack opened In the Interior at 46,4 KPa-m 

1 /2 

(42.3 psl-ln ). Also note in Figure 11 that as the applied load is 

Increased, the number of fringes Increases and the spacing among the 

fringes decreases, indicating that the crack faces become further 

separated. The last photograph in Figure 11 shows the fringe pattern 

1 /2 

photographed at the maximum load (AK^ = 330 KPa-m ). It can be seen 
that under this applied load, the fringes become straight across the 
specimen, indicating little difference in crack separation between the 
specimen surface and interior. 

Figure 12 shows that following the overload, tlie outer-most fringe 
reaches crack tip at the specimen interior under zero load although some 
positive load is necessary to open the crack tip at the surface. This 
fact suggests that the crack tip faces are separated at the specimen 
interior under zero load follov;ing the overload application. 

One method for analyzing the crack opening profiles Is to plot the 
fringe order as a function of distance from the crack tip for different 


30 



( 


loads showing the crack surface separation as a function of position. 

Two such plots were obtained for each load sequence; crack opening pro- 
files measured at the specimen surface and another measured along the 
interior (middle) plane of the specimen. In these crack opening profile 
plots, the crack tip is used as the plot origin. Figure 13 presents the 
opening profile measured at the surface for Specimen B-12 after steady 
state loading. Each curve in this Figure represents a different applied 
load and gives the total separation between the two crack surfaces as a 
function of distance from the crack tip. The load for which the curve 
passes through the origin, causing complete crack tip separation, is 

referred to here as the opening load (K^) for the particular crack loca- 
l/2 

tlon. In Figure 13, an applied K of 83.69 KPa-m causes complete 
crack separation and is called the opening stress intensity (K^) meas- 
ured at the specimen surface. 

A value may also be obtained for the specimen interior in a 
similar fashion. Figure 14 presents the crack opening profile for the 
middle (interior) of Specimen B-12 for the steady state case. Note that 
the opening load is much smaller in this instance than that at the free 

surface. The crack surfaces are completely open at an applied K of 46.4 

1/2 1/2 
KPa-m at the specimen Interior while a value of 83.4 KPa-m was 

required to separate the crack faces at the specimen surface. This 

difference in crack tip opening at the specimen Interior and surface is 

due to the larger plastic zone at the specimen surface. 

Figure 15 presents crack separation profiles for the surface of the 
specimen in the steady state case as the applied load is removed. It 
was observed that the closing load (Figure 15) equals the opening load 
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(FiRure 13) In this case. Flptirp 16 presents the crack closing profiles 
measured In tlic speclnon interior, and again, the opening load is equal 
to the closinj; value. 

Figure 17 presents the crack closing profiles for the overload 

cycle measured at the surface of the spcclnen (load Is decreasing In 

this case). The opening load for the overload cycle is, of course, the 

same value as for the steady state case. Upon examination of Figure 17, 

it nay be noted that the closing load (where the crack surfaces cone 

1 /2 

Into contact) for the overload cycle equals 74,4 KPa-m as compared to 

1 /2 

the opening K of 83.7 KPa-m . Figure 18 presents the closing profiles 

(load Is decreasing) for the specimen Interior during the overload 

cycle. The closing K (where the crack faces at the tip come into con- 

1 /2 

tact) for the specimen interior is zero ns compared to 46.4 KPa-m for 
the steady state case. Thus, tfio crack tip remains open in the specimen 
Interior after the overload is removed. 

Figures 19-22 present the crack opening profiles measured at the 
specimen surface during the 1st, 10th, 100th, and 1000th cycles follow- 
ing the overload. There was no significant difference between the open- 
ing and the closing K values for these cases. Figures 23-26 present the 
crack opening profiles measured at the interior (middle) of the specimen 
for the 1st, 10th, 100th, and 1000th cycles following the overload. 
Again, It was observed that the specimen interior remained open under 
zero load for all these cases. 

Thus far the opening stress intensity factor (k^) has been defined 
as the K value where the crack faces separate at the crack tip as meas- 
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tired from tlic fringe pattern. Another Interpretation of t)ic opening 
load often employed Is the load at which the crack opens and closes In a 
linearly elastic manner. Wlicn observing the CIOl), strain gage, or other 
similar compliance techniques, the opening load Is defined as the value 
where the crack behaves linearly. This linear elastic value Is obtained 
by observing the transition point on the load versus displacement curve. 
For comparison purposes, load versus displacement curves were obtained 
from the Interference fringes at botli Interior and surface points on the 
specimen for different distances from the crack tip. 

The data for the applied K versus crack displacement (2D) curves 
were obtained from the fringe plots (crack opening and crack closing 
profiles. Figures 11-26) by measuring the displacements (fringe order) 
at a fixed distance from the crack tip for different applied loads. 
Figures 27-30 present these elastic opening plots for different loca- 
tions at both the side and the middle of the specimen for steady state 
crack growth. The elastic opening K values (1^^^) were tlien obtained by 
determining the point where the curve changes from non-linear to linear. 
Figures 31-36 present tlie load versus displacements curves measured at 
different locations from the crack tip for the lOtti cycle following the 

overload. It may be noted from Figures 27-36 tbal the K values fol- 

oe 

lowing the overload arc lilghcr than for the steady state cases. The 
above procedure was carried out for different cycles following the over- 
load as well as for crack opening and closing. Tahlc 2 summarlres the 

K values for different cases for Test B-12. Nolo that It was not 
oe 

practical to determine K for distances less than 0,19 mm (0.0075 In) 

oe 

from the crack tip, since It was not possible to resolve the dlsplace- 
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ment versus load curves fron Figures 13-26 at such small distance from 
the orlp.ln. 

TEST 

1/2 

Test B-13 was carried out with set equal to 313 KPa-m (285 

1 /2 

psi-in ) and employed an overload factor of 3, Ficure 37 presents the 
average crack Icncth versus cycles for this test. The delay caused hy 
the overload In this case was 37 500 cycles. In this instance, portions 
of the crack plane were not smooth cnoup.h to form interference frinf»es 
through the thickness of the specimen, therefore no crack closure data 
are available for this test. 

TEST 

This test employed a baseline of 297 KPa-m^^^ (270 psl-ln^^^) 
with an overload factor of 5. Figure 38 presents the average crack 
length versus elapsed cycles for test B-14. The delay caused by the 
overload In this case equals 54 000 cycles. Figure 39 presents the 
crack opening profiles for the steady state case at the specimen inte- 
rior, and Figure 40 represents the corresponding surface profiles. The 

crack tip opening load for the interior of the specimen was 14,2 KPa- 
1/2 1/2 

m (12.9 psl-ln ) whereas the opening load for the specimen surface 

1/2 1/2 

was 37,9 KPa-m (34,5 psi-ln ). It was also observed that the crack 

tip opening and closing loads were equal for Test B-14, It should be 

noted that for Test B-14, the opening load was considerably lower 

1 /2 

than the crack tip opening load for Test B-12 (83.4 KPa-m ). 


Figures 41-43 proBcnt tlie spoclmun Interior ojicnlnp, profiles for 
the 1st, 10th, and lOOOth cycles following the overload. Followinp, tlie 
overload application, it was observed that the interior crack tip was 
again open under zero load. Figures 44-45 show the crack opening pro- 
files for the 1st and 10th cycle following the overload at the surface 

of the specimen. The crack tip opening load at the surface following 

1/2 1/2 
the overload was 25 KPa-m ' which is below the 37.9 KPa-m value 

measured prior to the overload application. 

Strain gages were also mounted across the crack at the surface of 
specimen H-14 (Figure 8). The crack opening profile photographs witli 
and without t!»e strain gages for the steady state case are presented in 
Chapter 4. 

TEST ^-J|2 

1/2 

This test was conducted at a baseline AK, of 269 KPa-m ' (245 

D 

1/2 

psl-in ) with an overload factor of 4. Figure 46 presents the average 
crack length versus applied cycles for test B-15. For this test, only 
tJie steady state crack length versus elapsed cycles is plotted since the 
crack growth pictures following the overload were lost due to difficul- 
ties with the photo developing. Figure 47 shows the crack opening pro- 
files for the steady state case at the middle of the specimen, and Fig- 
ure 48 represents the profiles at tlie surface. For test R-15, the open- 

1/2 1/2 

Ing load for the surface Is 39.8 KPa-m (36.3 psi-ln ) whereas tlie 

1 /2 

opening value for the specimen interior equals 15.1 KPa-ni (13.8 psi- 
1/2 

in ), Figures 49-52 present crack opening profiles for the 1st, 10th, 
100th, and 1000th cycle following the overload at the surface of the 
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specimen. Flf.ures 53-56 show the openlnj; profiles for the middle of the 

specimen for the nbove conditions. The opening load following the over- 

1/2 1/2 

load at the free surface equals 19.9 KPa-m (18.1 psl-ln ) whereas 
the crack tip surfaces remain open at zero load for the Interior (mid- 
dle) of the specimen following the overload. 

TEST B;- lj6 

Test B-16 was conducted at a of 352 KPa-m^^^ (320 psi-ln*^^) 
with an overload factor of 6. Figure 57 presents the average crack 
growth versus elapsed cycles for Test B-16. The delay In crack growth 
caused by the overload in this test equals 50 000 cycles. No fringe 
patterns were obtained for this test due to crack plane roughness at the 
relatively high which prevented formation of the Interference 
fringes. 

TEST r7 

One objective of this test was to determine whether the region well 
behind the crack tip Influences tlie crack tip opening loads. Previous 
work done with titick X7090-T6 powder aluminum alloy specimens has sliown 
that the removal of successive lengths of the plastic wake material 
behind the crack tip reduces the tip opening load (54]. Although there 
was a reduction in the crack opening load due to removal of material 
behind the crack tip, it was observed in Reference 54 that the near-tip 
closure influences the crack growth behavior much more than tlio closure 
away from the tip. This test (B-17) attempted to determine If similar 
behavior would occur through the specimen thickness In the transparent 

polycarbonate specimens. 


36 



4 


4k' 

0 


I: 


T 

] 

I 

I 


In order to check for variance In crack opening load due to tJie 
renoval of plastically deformed material behind tl>e crack tip, succes- 
sive lengths of crack contact surface were removed in Test B-17, and the 
resulting crack opening profiles were studied. Figure 58 shows a 

schematic view of this test matrix. Test B-17 was conducted at a base- 
l/2 1/2 

line AK of 297 KPa-n (270 psl-ln ). No overload was applied to 
this specimen, but the crack opening loads for the steady state case 
were determined at the specimen middle (Figure 59) and at the free sur- 
face (Figure 60), In this test, the free surface steady state opening 

load (K^) equals 46.1 KPa-m^^^ (42 psi-ln*^^) and for the middle equals 
1/2 1/2 

21,8 KPa-m (19.8 psi-ln ). The effect of the contact surface remo- 
val on the crack opening profiles Is discussed In Chapter 4, 
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TEST 


B-12 

330 

B-13 

313 

B-14 

297 

B-15 

269 

B-16 

352 

B-17 

297 


TEST DESCRIPTION 


1326 CRACK RETARDATION. FRINGE OBSERVATION 


CRACK RETARDATION 


1485 


CRACK RETARDATION, FRINGE OBSERVATION, 
STRAIN GAGE MEASUREMENTS 


1076 CRACK RETARDATION, FRINGE OBSERVATION 


FRINGE OBSERVATION, 

CONTACT SURFACE REMOVAL EFFECT 


Table 1: Summary of fatigue crack retardation and closure experiments. 
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TaMe 2: Sunnary of tbe elastic, crack openinj* values (K ) for 
before and after j^^erload for specimen n-12. All uSfts are 
expressed in KPa-m . 
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Flf.ure 21s Free surface crack openlnr, profiles as a function of 
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Fip.iire 24: Midplane crack openinp, profiles as a function of 
applied load for specinen K-12 (lOtli cycle following tlie over- 
load). 
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CIIAPTKK 4 


DISCUSSION OF RESULTS 

£.]_ CRACK RETARDATIOK 

As discussed earlier, fatigue crack growth was retarded following 
application of the tensile overload to the polycarbonate test specimens# 
The crack tip appeared to be blunted by the peak load. Figure 61 shows 
the crack tip following the overload for Test B-12. Note that after 25- 
000 cycles following the overload, small Individual flaws developed 
along the original (steady state) crack front, and after 45 000 cycles, 
a single through-crack front has been reestablished. Development of a 
new crack front and resumption of steady state crack growth at approxi- 
mately 45 000 cycles following the overload, conforms to the delay 
period (Nj) in Figure 10. Crack tip blunting was seen in all overload 
tests In this project and was also observed in similar polycarbonate 
overload experiments reported in Reference 5. 

In addition to the delay In the average fatigue crack growth rate 
following the overload cycle, crack tunneling was also observed. 

Although the tunneling also occurred during the steady state crack 
growth, it was more pronounced following the overload. Figures 62-63 
compare crack growth behavior for the interior and the surface of Speci- 
mens B-14 and B-16, Although these tests had values of approximately 
50 000 cycles, the specimen surface crack dimension was more affected by 
the overload than the Interior (middle) crack length., From these fig- 
ures, it may be observed that, following the overload delay period, the 
Interior crack growth rate returned to steady state conditions before 
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the surface crack growth rate. Thus, a retardation period based on the 
average crack length may not truly represent the crack delay across the 
specimen thickness. 

4^.^ CRACK PROFILES 

Fatigue crack opening profiles were measured by optical Inter- 
ferometry at various times during the specimen life. The objective of 
these measurements was to characterize three-dimensional aspects of the 
fatigue crack closure phenomenon. As discussed previously, two dif- 
ferent measures were obtained for ttie crack closure load. In one case, 
the minimum stress Intensity factor required to physically separate the 
crack tip surfaces was determined from the crack opening profiles. This 
measure of crack closure Is called the load In this report and was 
determined at various points along the crack front through the specimen 
thickness. The second measure of crack closure, the elastic crack open- 
ing stress intensity level is defined here as the minimum K value 

which causes the crack surfaces to separate In a linear elastic manner. 

As described earlier, the K load Is determined from the 

oe 

load/displacement records obtained at various locations behind the crack 
tip. All of the tests presented In this report Indicate that the open- 
ing and the closing K and K values measured at the specimen surface 

o oe 

were higher than for the interior case. 

Figures 64-67 present the opening stress intensity factors meas- 
ured at different locations along the crack front. In these figures, 
the values are normalized with the baseline cyclic stress Intensity, 
and distances from the specimen surface ore normalized with specimen 
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thickness. The zero point on the abscissa for example, represents the 
specimen surface location while the 0.5 value represents the middle 
(interior) location. Figures 64-67 each contain two curves; one for 
steady state cycling and one for post~overload behavior. The difference 
in the opening load with location is expected from the plane 
strain/plane stress transition through the specimen. 

The crack tip opening loads (K^) following the tensile overload 
were found to be less than for the steady state case (Figures 64-66). 
This observation does not agree with the conventional closure mechanism 
for crack retardation wiiich states that crack delay is due to elevation 
of the opening loads following the overload. 

The reduction in the opening load following the overload in the 
present experiments may be due to crack tip blunting which causes the 
crack faces to be physically separated from each other. It was observed 
in Figures 64-66 that following the overload, the specimen interior 
remained open under i,ero load while the specimen surfaces required posi- 
tive load to separate. The reduction in at the specimen interior was 
greater than at the surface suggesting that the specimen interior suf- 
fered more blunting than the surface. Since the plastic zone is bigger 
at the specimen surface than the interior location, more plastic defor- 
mation is expected at the surface and the surface should be more 
affected by the blunting mechanism. 

Since Increased blunting of the specimen interior is not consistent 
with the plasticity arguments, another explanation may be in order for 
the drop in the opening load at the specimen interior following the 



overload. Perhaps the speclincn surface experiences plastic deformation 
during the opening phase of the overload cycle which causes the crack 
faces to come In contact at the surface but keeps the crack surfaces 
propped open In the specimen interior. Thus, the residual crack tip 
displacements along the Interior crack front may be due in part to plas- 
tic deformation at the free surface and not necessarily to t)ie blunting 
mechanism alone. 

Table 2 presents the elastic crack opening stress intensity values 
(K ) for Test B-12, Figure 68 presents these linear K values in a 
graphical form for the specimen surface while Figure 69 shows the 
behavior at the specimen interior. Recall that the value is defined 
here as the stress intensity level wliich causes the crack surfaces to 
separate In a linear elastic manner. This load Is obtained from a plot 
of displacement versus applied load measured at a particular point 
behind the crack tip (recall Figures 27-36). Note from these figures 
that the values for the specimen surface are again higher than in 
the interior. As the distance from the crack tip increases, the elastic 
opening values decrease. Note that Figures 68 and 69 show the 
values for the specimen surface are again higher than In the specimen 
interior. As the distance from the crack tip Increases, the elastic 
opening values decrease. This decrease in as one moves further from 
the crack tip has been observed earlier in metal specimens (40,55]. 
Following the overload, the elastic values Increased although the 
crack tip separation load (K^) decreased as discussed earlier. 

Although the Increase in following the tensile overload is con- 
sistent with the crack retardation phenomenon, it should be noted that 
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Increases In the elastic opening values were more pronounced in the 
specimen interior than at the surface. Although the specimen interior 
experienced a greater elevation in following the overload than at 
the surface, the tunneling phenomenon was more pronounced after the 
overload (see Figures 62-63). The interior crack growth quickly resumed 
following the overload application suggesting that the Interior 
value returned to the steady state case shortly following the overload 
cycle. On the other hand, large plastic deformation at the specimen 
surface would require a longer cycling period for values at the 
specimen surface to return to the steady state levels. Since the over- 
load also blunted the crack tip and prevented interference fringe forma- 
tion on the new crack faces following retardation, crack opening pro- 
files could not be measured once crack growth resumed. Thus, the and 
values could not be measured once the crack growth resumed following 
the retardation period. 

^.2 STRAIN GAGE AND CLIP GAGE RESULTS 

As discussed earlier, strain gages were mounted across the crack in 
an attempt to measure opening loads by both the fringe and strain gage 
methods. Fringe pattern pictures obtained with the strain gage mounted 
at the surface are shown in Figure 70. Note that the 0-order fringe 
does not behave in the same fashion for applied loads as observed in 
Figure 11 (the steady state case without strain gage). Figure 70 shows 
a cusp at the location of. the strain gage, and the top right corner of 
the 0-order fringe never passes through the cusp. In essence, the 0- 
order fringe reaches the specimen surface crack tip without separating 
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Che crack faces at the strain gage location. Since the strain gage 
influenced the crack opening profiles. It is obvious that the opening 
loads obtained fron the strain gage data are not consistent with the 
interferometric measurements. 

A clip gage was also mounted across the crack mouth at the notch of 
the specimen, but it was observed that the force exerted across the 
notch by the clip gage also affected the opening load. In this case, 
the crack tip opening loads were smaller since the tension of the clip 
gage applies a positive load at the specimen notch. The effect of the 
strain gage, and the clip gage may be due to the fact that the opening 
loads for the experiments are relatively small and that the polymer test 
material has a low modulus of elasticity. 
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4.4 CONTACT SURFACE REMOVAL 


An experiment was conducted to determine the effect of fatigue 
crack length on the opening load. As discussed In section 3.2 (Test B- 
17), successive lengths of crack surfaces were removed (Figure 58), and 
the resulting fringe patterns were analyzed. Although the quality for 
the fringe photographs following the removal of a typical layer are poor 
and are not reproduced in this report, it was possible to make crack 
displacement measurements from the 35 mm negatives. The fringe patterns 
following the removal of one layer are circular whereas the original 
fringe patterns were semi-circular as shown in Figure 11. For the 
shorter crack lengths (measured from the notch root), the 0-order fringe 
did not reach the crack tip until relatively high loads. This elevation 
in the opening K value for the shorter crack Is Inconsistent with the 
plastic wake theory, which would expect shorter cracks to have a smaller 
plastic wake region behind the crack tip. Removal of this plastic wake 
should reduce the closure effect and decrease the opening stress. The 
fact that the opening load Increased for shorter cracks may be due to 
possible residual stresses Induced by machining successive layers from 
the crack. Detailed examination of this point was beyond the scope of 
the current program. 
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CHAPTER 5 


CONCLUDING REMARKS 

Fatigue cracks were grown in polycarbonate specimens under condi- 
tions of constant AK and were subjected to tensile overloads to deter- 
mine the fatigue crack retardation behavior. The cracks were examined 
under a monochromatic light source to create optical interference fringe 
patterns which were used to measure the crack closure effect in the test 
specimens. The crack opening profiles were obtained as a function of 
applied load and were compared before and after the tensile overloads. 
The following conclusions may be drawn from these experiments. 

A tensile overload was shown to significantly delay subsequent 
fatigue crack growth in polycarbonate specimens grown under conditions 
of constant AK. 

The reinitiation of separate crack growth sites along the crack tip 
following the overload suggests that crack tip blunting contributes to 
the mode of fatigue crack retardation in polycarbonate. 

The increased difference between crack growth rates at the surface 
and Interior of the specimen results in more tunneling following the 
overload. 

The crack opening load at the specimen surface is significantly 
higher than in the interior, which explains the difference In crack 
growth rates between the surface and the interior of the specimen. This 
difference in opening K values is expected from the plastic zone varia- 
tion resulting from plane stress (surface) and plane strain (interior) 
conditions. 
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The interference patterns obtained from these experiments suggest 
that the stress intensity value which causes crack surface displacements 
is nearly same for crack opening as closing , both at the specimen sur- 
face and in the specimen interior. 

Although the crack tip separation load (K^) decreased following the 
overload application, the load at which the crack opens and closes 
elastically Increased following the overload. This latter 

behavior is consistent with the fatigue crack retardation phenomenon 
observed in these experiments. Following the tensile overload applica- 
tion, the specimen interior experienced a higher elevation in the elas- 
tic opening loads than the specimen surface. The more pronounced tun- 
neling effect following the overload suggests that the effective cyclic 
stress intensity factor at the specimen Interior returns to the steady 
state level faster than the value at the specimen surface. 

The strain and crack opening displacement gage techniques influ- 
enced crack opening behavior in the present experiments. Future attempt 
to use these methods with fatigue cracks grown at low cyclic stress 
intensity factors in polycarbonate specimens should take special precau- 
tions to ensure that the measurement technique does not alter the speci- 
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